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Summary
.,. . ,,. ” ., ...,-- ,.. . . . .. .

.,. . . . .. . .. . . . . . . . ..1.

The variatiQn Q~,~~he“ca,effi@ent

length-diameter ~ptio ,of..thp;’orifice,.w@s:-d’ete,&winedfor noz-

zl.eshaving ,si~le.or~fices ,0.~008 ~d’”D.Q20 .fich.in diameter.

Ratios from 0.!5:to.:3@ “were.:’iDyes.@gaWd..a~injeotion yre.ssures
.

from 500 to 5~(x)Q.;po.undaper..squar-Q,inch; ..’.:;”::-. “.:”.‘ :

* The tests~showed t,~at,.”,~$$h$n.:~h,e,,exror of:.’theobservation,
.

the coeffi.cientg .w~re,the sam~ w~et~ex~:t~pinozzle’s,were assem-

bled at the end of “acons$~t,”d~a,me”ter.tube ‘“oz& an automatic

injection valve having a plain stem.. ~~r,.“the$eassemblies the

coefficient was cpnstant ‘bt?t.we,e.n.I,WWratio,sQ ~.1 and 4. ‘For

ratios greater than .4 t4~ OU-effIcien>..gtadtiallydecreased as a

result of friction lo~sess ,,.’..,~,’.., .-..’:-.;:.-...“: ,. : .

The coefficients of the .mozzleF when.q~’shmbledin an in-

~jection valve.having a helica3.ly~gxnmd .st’emwere lower than

when assembled”w~th,a plain :ste”m. There WELS”but little vari-

ation in the value “of tile:co,e3f:iciehtwith..tin~~ratio,for the

O.020-inch orifice. The coefficient ,,forthe .0.008-inch ori-

fice, however, varied co~.siderab.ly-,with,,%heratioz showing .“

some irregularities between the ratios of 0.5 and 4. ‘
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Investigations on the coefficient’of”discharge of small,

round orifioes have been coaducted by Joachim @eference 1),

by Gelalles (J3efereace 2]; azndby BiTd”(~eference 3). Joachim

and Gelalles used nQzzles having ,s..ingleorifices of ,diameters

varying from 0.008 to 0.040 inch. Sevefal geometrical shapes
,,, ,,

of entering paska~e ‘&d sev&”al’o“tik!icelength-diameter’ratios

were”tested; ‘I~~kction pr6:s&re&’u~;’t0’”8000 pounds’per dq~are
,.

Mch weye uded.’ “!Phe’‘co’~ffi~ie~t”of discharge was found to be

thesam~ for ~h”e-le~th~di”hbt.er’~titiosbetween 1’and 3. “The

results obtained when the’~eoke’t+ical~ape”of the entering
,..

edge ‘o’fthe ‘o”rificew-as:nade-toapprtiacti’t“tiatof a Venturi
,1

nozzle were ~irnil&’to’th’eresiiltsobtaiked with nozzl”esof
,.

larger scale but of the saMe”sh&pe. ‘Irregularresults were
,. . .

obtaihed, Iiowevei,with orifices “hav.i~a sharp leading edge.

Birtiinvestigated the effect’of”length-diameter-ratioon
,.

the coefficient ‘of”discharge of a d.013-inch diameter orifiae.

He varied the ratio from 0.4 to 10, aiidthe injection pressure
,,,

from’1,000 to 5,000 pounds yer sq&.re inch. A curve’with cer-

tain sharp irre&la&ities was obtaiti~dwhen the coeffioi.ent
,. ,,,

was plotted against--thelength-diamei%i’Witio”. The lo+ez range

of the Reyn51d& Ni.&berof ‘t-heflow, cornb”inedwith a tiozzli“de-

sign giving ‘ahigh c’ontract”ion”coefficient, weie~’apparently,

responsible for these irregularities in the coefficient of

discharge curve. ‘ ““
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The purpose of the-present investigation was

3

to determine

the variation of the coefficient of discharge of mall, round

orifices with length-d,iqeter ratios of a more extended range

than was tested previously at this.laboratory by Gelalles~

(Reference 2~~ Two nozzles having single orifices 0.008 and
,.

0.020 inch in diaueter were tested when assembled at the end
.

of a constant-diameter tube aid in an ““injectionvalve with ei-
. .

ther a plain or a helically-grooved,steg.., ..1.,“
The investigation was conducted at the Langley

I’ ,. ...-:... ,..
Aeronautical Laboratory at Langley Field, Virginia.

.,

Me[florial
..

The work

was con$ucted simultaneously ?ith an investigation,on the ef-,,,,-.
feet of length-diameter ratio of tie orifice-on fuel spray.,. ,., .. .. .... .,. , .
characteristics, the results of which me’ to be published as

,. - ‘.., ,,
. . . . . . . . .

a separate report.
,.- ... . .. .,..,, ,... .,..- .

,, .’ . Apparatus .aiwlKethods ~~ :.

,.

The apparatus used in determ~ning the coefficients
. .

discharge was the saae as that emplcyed in the previous
,..

,- .
vestigatioas.at Wais laboratory. A description of this

,.

of

i.n-

ap-

~aratus, its operation, and the”possible experimental errors

are given in tiefezence 2. The rnethcdused in determini& the

coefficient of discharge of the orifices was to tine the flow
,.

of a known volume of fuel oil through the or”ificeand then to

determine the coefficient as the ratio of the actual to the.. .: ..

#
ideal rate of flow.

..
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The equation from which the coefficient C was conputed

is

c = ~ . . . ‘

.t-

(1)

Q is volume of the fuel oil discharged:

a is area of the orifice.

t is time of discharge.

g is gravitational acceleration.

I?l is injection pressure.

P
. .

“is chamber pressure.
2

P is density of the fuel oil.

Owing to the difficulties of machining such comparatively

large lengths for the small orifices tested, the diameter of

the throat was not uniform throughout. As shown by Table I,

which gives the micrometer readings of the.outside openings

after each successive grinding off the end of the nozzle to

the proper ratio, the variation with the 0.008-inch orifice,.

‘was7.3 per cent, and with the 0.020-inch about 2.9 per cent,
,,

The maximum variation between any two consecutive ratios test-

ed was 3.5 per cent with the 0.008-inch emd 2.1 per cent with
,,,

the 0.020’-inchorifice. The diameter at the exit of the throat,

as measured for each ratio, was used as the orifice diameter for.-

calculating the coefficient.
,.

Tests were made’with the nozzles mou~ted at the end of a
.

tube with a constant diameter (~ig. lC), with’the nozzle assem-

-T
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bled in an injection valve having a plain stem fiig. lA) and

one having a helically-grootiedstern(pg. lB). Cross seotions
.

of the nozzle assemblies are shown in Fi&re 1. In the accom-

panying.table the size of the orifices aid the length-diame~~r

ratios tested are given. The orifice sizes tested were 0.00S

and 0.020 inch in diameter at the length-di&eter ratios of.

0.5, 1.0, 2.0, 3.0, 4.0, 6.0, 8.0, and 10.0. The hydraulic
.

injection pressure was’varied frou 500 to 5,000 pounds per

square inch. Air at atmospheric pressure wsssused in the dis-

charge chamber. The fuel was a high-grade Diesel oil with a

specific gravity of 0.86 and an absolute viscosity of 0.048

poises (45 seconds Saybolt Universal) at 80*~ FXT$..+
. .

Results and Discussion

Figures 2 and 3 give the effect of the length-diameter ra-

tio on the coefficient of discharge for the orifices with the

nozzles mounted at the end of a tube of constant inside diam-,/

eter (A6sembly C, #ig. 1). Within the experimental error,

identical results were obtained “whentilenozzles were assembled

in the injecticm valve with the plain stem (Assembly A, tiig.1).

The data with the noz”zleat the end of a constant diameter tube

given in this note, therefore, may also be taken to represent

data with an injection valve having a plain stem and the same

nozzle.

ficient

t

There was a slight decrease in the value of the coef-

for the O.020-inch ori,fice as the length-diameter ratio
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was decreased from 2 to 0.5. Betxeen the ratios of 1 and 4,

the variation of the coefficient from its maxinum value was

small with both orifices. The ‘coefficientgradually de-

+

*-
-.

creased as the length-diameter ratio of the orifices was

further increased.

In previous investigations at this laboratory with iloz-

.,

zles having the same geometrical shape but with an orifice . ..-

df.ameterof 0.014 inch,”the coefficient was foufidto have the

constant value of 0.94 for ratios fron 1 to 3 and injection

pressures from 1,000 to 4,000 pounds per square inch (Refer-

ence 2~~ Tlniscoefficient is slightly hi~her than that ob-
.

tained with the orifices of these tests at the same conditions, ,

but the deviation is close to the experimental error of 2 per

cent.

The decrease in the tialueof the coefficient for lenflth-. . .
diameter ratios greater than 4 is due to the increased fric- .-

tion losses, which become of appreciable magnitude as the ori-

fice length is increased further. In Fi,fires4 and 5 the

curves of Figures 2 and 3 are shown corrected for friction

losses beyond the lengtin-die.meterratio of 3. In Figures 6

and 7 are given the coefficients for the 0.008-inch orifioe,
,.

uncorrected and corrected for losses, respectively, when plot- *

ted against the injection pressures. To determine the friction

losses the usual equation for pressure losses in pipes ii used,
~

i.e.,
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(2)

**
P is pressure head loss.

L is pipe length.

V is flow velocity.

p is density of the liquid. .

d is diameter of pipe.

f is coefficient of friction.

The friction coefficient f is.a function of Reynolds Number
%

~, in which ~
v is the kinemati; viscosity of the liquid. ..

.

The value of f has been determined ~erirnentally for a larg”e
●

range of Reynolds Number. Hopf d eference 4) has found that

for Reynolds Numbers greater than 2,300, i.e., turbulent flov{,

range, f is expressed by the e&tion

f
(v dL-o,35y

= 0.00714 -I-0.6104 ~y

A correction for friction head 10SS tiasapplied to equation (1)

as follows:

From equation (1)

.

,
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,

AP =P-P and K = ~\/
1 2

a %F*

From equation (2) the pressure head loss P is

and the corrected coefficient of discharge

or

is

obtained

(3)

Examination of Figures 4, 5, and 7, giving the corrected
s

.

coefficients, shows that, except for the length-die.meterratio

of 10 with the 0.008-inch diameter orifice, the coefficient of

discharge is the same for all’rationsgreater than 1, within

the error of the observation (about 2 per cent). No correction

was applied for the lengths of ratios’less than 3, for tlnese

lengths come within the jet contraction region at which the

magnitude csfthe losses is unknown.

No definite explanation cam be given for the lower cor-

rected coefficient for the length-diameter ratio of 10 with —

the 0.008-inch orifice. Eitlnerone of two causes is possible.

As seen from Table 1, the outside opening,of the orifice at the

ratio of 10 was disproportionately larger than at the ratio of ,

8. It is possible, then, that the issuing j~t did not completely

fill the outside o-peni~~of the orifice with the tests at length- 8

diameter ratios of 10. A small difference between the orifice

*
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diameter used in the calculations and the actual jet diameter

at tineoutside openingflwoulda“ffectthe value of the coeffi-,
..’

cient considerably because the coefficient varies in+ersely as

the square of the jet diameter. The other possible cause is

that there was another jet contraction at that ratio. The spi-

ral notion given.to the jet as it passes from ”the large diameter,..

of the tube to the small diameter of the orifige is known to

persiqt even after the jet issues froi~thp Qrifice. It is prob-

able that the jet again contracted at the length corresponding

to the ratio of 10 after its.$irq+ contraction and re-exp~ns~on

near the inner edge of the or$fice~

cient against len@h-diameter ratio

sion at. .

In

draulic

given.

the ratio of 7.5 (Reference

Birdls curve of coeffi- .

also shows a second depres-

3). .

Figure 8 the relation of the coefficient ~andthe hy-

injection yessu~e to the Re;znoldsNumber of flow is

The kinematic viscosity of the fuel oil was obtained

fron data given in a previous publication of,the Conmittee on

the same oilQ(Reference 5~~ These curves iildicatethat the

flow becomes definitely turbulent (~eference ?, Appendix) at

pressures above 1,000 pounds per square inch even ?ith the

smaller orifice tested. The smaller coefficients obtained at ‘

pressures below.1,000 pounds per square inch with the 0.008-

inch orifice (_&- 6 and 7) indicate a flow in the semi-

turbulent region.. The coefficient= for the 0.020-inch orifice

at 500 pounds per square inch injection pressure were the sane
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as at 1,000 pounds per square inch pressure.(Figs. 3 and 5). ,

This fact, toGether with the curves given in Figure 8, indi-

cates that the flow wi~h ‘thisorifioe is well wi”thinthe tur-

bulent region. ‘
.,

.

Centrifu~al sprays.- In ?li~me 9 are.shown the results

obtained with the ,nozzlesassembled in the injection valve l~ith

the.hel~cally-grooved stem..(ims.eiiblyB, fig. 1). The Variation

in the.value of the coefficien.$was szml.1for the 0.020-inch

orifioe with changes ,in eitherthe len@h-di~eter ratio of the

orifioe or the-injection pressure. Sharp irregularities were

observed, however, for the 0.008-inch,ori,fice. The irregular-

ities were decidedly greater with the higher injection pres-

sures. In general, the coefficient decreased with the increase,.

of the ratio from 0.5;,a minimum was reached .atthe ratio of

about 2, to be followed by a maxinum at the ratio of.3 and then

to decrease again as the ratio was increased further.

These irregularities are peculiar only to +his snail ori-

fice. Previous test results with a O.O,l~and a 0.040$inch
/

orifice indicated no such irregul~arities($efcrence 2); curve

forms were obtained that were similar to that of the 0.020-inoh

orifice given in Figure 9. The set of curves obtained with the

0.008-inch orifice are not unlike .the.curveobtained by Bird

dwith a 0.013-inch orifice ( eference 3), which indicates an

initial turbulence of flow and consequent fluctuating coeffi-

,

—

.1..

.

*

,.

cient of contraction for both tests.
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.,

These “apparently‘anomalousvariations in the va&e of the
,,

coefficient with the”,length-diameter
. . .
fice can probabiy be explained by an

,. .I”;“-! :
flow existing within the grooves and
,..... -....-.’, .. :.-.

ratio for the smaller ori-

examina;tionof’”~hetype of
,,..

the throa’t”of the orifices.
..

In Figure 10 the coefficients cf dischmge are plotted against.:.., :,,...
‘theReynol”ds’Numb& o-fthe flow t&o&h the orifices ‘for-the

; .,. . . .

orifices of these tests and of the previous tests,(“Reference2*)X
,.. .,.. .
In Fig&e”il the “injectionpressures are plotted against the,, .,,.. ,. .
Reynolds Number of flow through each Groove. Followi~ the ex-...:,.
planation give; in R&ference 2, by Hodgson ~eference 6) and

:...
others, the shape of the curves of Figure 10 would indicate the

,,
flow through the 0.008-inch orifice to’”beboth in the sem_@ur-

..
bulent and defiilitelyturbulent regiony depending on the length-,, ..
diameter-ratio and on’the injection pressure employed: For ori-

. . ,., .. .
fices larger than 0.008 inch, the flow is definitely turbulent,

with the exception of pressures “oelew1,000 pounds per square

%rbulentinch at which the flow is probably within the semi+

region.

Examining the curves of Fi=wre 11, the value of the .

Reynolds Number of the flow through the grooves for the 0.008-

and 0,014-inch orifices is below 2,CW0. It is known that the “

flow 1s streamline for Reynolds Numbers below 2,000 when round,

straight, smooth pipes are used as

is not unlikeiy, however, that the

critical region begins may be much

the pat~ of the liquid. It”

Reynolds Number at whic~ the

lower for the rectangular
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g~ooves of these tests than for round, straight pipes. we spi-

ral motion given to the liquid and the sharp entra.me to and.,

exit from the grooves are known to be -notconducive to stream-

line, flow. For spirally-wound tubes th,ecritical region is.“.

found to commence at a Reynolds Number as.low as 130~(Reference

~ ~ In any event, in approaching the inner edge of the orifice,

the flow becomes, if not already turbulent, semi~urbulent and

then turbulent as the liquid enters the orifice. With the 0.008-

inch orifi,ce,the flow through the grooves and the subsequent
.,

converging to a jet, as seen fron the shape of the curves, is in

the semisurbulent region at which the coefficient is sensibly

affected by.any,small change in the ilozzleshape, such as va-

rying.the length.of the orifice in respect to the diameter.

With the l~,ger,orifices, the flow becomes definitely turbulent
,.

in both the grooves and in the orifice; the losses are a fixed
,

proportion of the pressure head; and the coefficient is insensi-

tive to any changes in the nozzle shape.

—
.

-.

—

.

.

.-

Conclusions —

Results obtained with a 0.008~ ~anda 0.020-inch diameter
,.

orifice, when ‘thenozzle was assembled at the end of a constant

diameter tube, showed the coefficient to have an average mxi-
.

mum value of about 0.91 for the lenggth-dtameterratios from 1. .

to 4. ..Forratios greater than 4 the coefficient gradually de-
,’

creased as a result of the friction losses which became appre-

—

.

ciable with the greater lengths.
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●

Tests with the nozzles assembled in an automatic injection

valve, with sufficient stem lift to prevent thro$tling~ gave .

the sbme coefficients as those with the nozzles at the end of a
..,.

straight tube”,within the-error of the observation.
.,

Lower coefficient were obtalncd with the nozzles &ssem-
,.

bled iti”aninjection valve containing ~ stem with helical grooves.,, ..
“Approxilnatelya constant coefficient was obtained with the 0.020-

inch orifice for the range of -ratiosand injection pressures of

these”tests. Irregularities were observed, however, in the value

of the coefficient for the 0.008-inch orifice. Examination of
.

curves df coefficient of discharge against the Reynolds Number of

● flow through the grooves and the orifice disclosed ’thepossibil-. .

ity that these irregularities were a reflection of the type of

flow existing within the nozzle with the smaller orifice.
*

Langley Memorial AeronauticalLaboratory,
National Advisory Conuittee for Aeronautics,

Langley Fieldj Vs., Hareh 16, 1931.

. .“

,

.
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TABLE I

Orifice Diameters

length-diameter
ratio

, 10

8

6

4

3

2

1

0.008 orifice
inches

0.00857

0.00799

0,00815

0.020 orifice
inches

0.02036

~.02030

c.01988

c~.01998

cm02000

c.01978

● 02010

.02025

15
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-Q

0.008E
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Enlargedview of
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